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Highlights 
 This paper presents the first non-modelled estimates of contemporary measured erosion rates against background long term erosion rates in the 
Great Barrier Reef (GBR) catchments. 
 Using an accelerated erosion factor (AEF), this study has highlighted that there are very specific ‘hot-spot’ areas that warrant priority treatment in 
terms of catchment remediation (Bowen sub-catchment, Upper Burdekin sub-catchment and low cover grazing areas). 
 Due to the large intra-catchment variability of erosion in space and time, this study highlights that having a single end of catchment water quality 
target is inappropriate. Sub-catchment monitoring and evaluation is more suitable. 
 The erosion rates presented in this paper represent a more robust way to ‘bench-mark’ current erosion rates compared with the current water quality 
‘targets’. 
Abstract 
Methods for prioritising catchment remediation are based on understanding the source of sediment over the short-medium timescales (10-102 
years) using techniques such as sediment finger-printing, sediment flux monitoring, and catchment modelling. Because such approaches do not 
necessarily quantify the natural variation in sediment flux over the longer timescale, they often represent background or pre-agricultural erosion rates 
poorly. This study compares long-term (~100 to >10,000 years) erosion rates derived from terrestrial cosmogenic nuclides (10Be) with contemporary 
erosion rates obtained by monitoring sediment fluxes over ~5-10 years. The ratio of these two data sets provides a measure of the accelerated erosion 
factor (AEF), which can be used to identify erosion hot-spots at the sub-catchment scale. The study area is the Burdekin catchment, the largest source 
of contemporary sediment to the Great Barrier Reef lagoon. Long- term erosion rates vary from <0.0077 mm yr-1 in the Suttor and Belyando sub-
catchments to 0.0296 mm yr-1 in the Bowen. The contemporary erosion rates are highest on small hillslopes with patchy ground cover (0.2726 mm yr-1) 
and in the Bowen sub-catchment (0.2207 mm yr-1), and lowest in the Belyando sub-catchment (0.0019 mm yr-1). All but two of the sub-catchment sites 
have an AEF > 1.0, indicating higher contemporary erosion rates than estimated long-term averages. Results confirm that the contemporary or 
agriculturally- induced erosion rates at these sites have increased considerably. Within the context of the Reef Water Quality Protection Plan, these 
results provide justification for water quality targets to be set at the sub-catchment scale, particularly for large and geomorphically diverse catchments. 
Keywords: Sediment; 10Be; Land use; Reef Plan. 
1. INTRODUCTION 
Humans have increased the sediment transported by rivers globally through soil erosion by 2.3 ± 0.6 billion metric tons per year (Syvitski et al., 
2005). Much of this sediment is stored within catchments, however, a considerable amount reaches marine systems, particularly in tropical regions. 
The Great Barrier Reef World Heritage area in Australia is the world’s largest reef ecosystem, and general agreement exists that sediment (as well as 
nutrients, herbicides and pesticides) from adjacent catchments are impacting the health of coral reef (De’ath et al., 2012). McCulloch et al., (2003a) 
determined that the amount of sediment reaching the Great Barrier Reef (GBR) has increased 5-10 times since European settlement in ~1870. 
Identifying the dominant source of this excess sediment has been challenging, particularly in the large (>100,000 km2) and physically diverse 
catchments draining to the GBR (Bartley et al., 2014a). There is a need to understand the sources and processes driving these excess sediment yields to 
support decisions related to catchment remediation of soil erosion and sediment delivery. 
 The detrimental effect of accelerated soil erosion is well documented (Montgomery, 2007), and significant financial investments have been 
made in catchment remediation to reduce soil erosion across the globe (Pimentel et al., 1995). Methods for prioritising sub-catchments for remediation 
have generally been based on our understanding of the source of the sediment, using isotope tracers or fingerprinting (e.g. Douglas et al., 2006; Maher 
et al., 2009), sediment flux monitoring (Walling and Fang, 2003) or catchment modelling (e.g. Kroon et al., 2012; Lu et al., 2004). Many of these 
approaches are very useful for identifying the contemporary (~1-100 years) sources of sediment within a catchment, however, these approaches are 
generally limited to small areas (Foucher et al., 2015), or they do not account for the natural variation in sediment flux over time. Even in catchments 
with the same land use, erosion rates can vary significantly due to factors such as slope, rainfall, geology, vegetation and soil type (Bartley et al., 2012; 
Cerdan et al., 2010). Without an understanding of the natural susceptibility of a catchment to erosion, resources for remediation may be incorrectly 
allocated to areas that appear to be producing high sediment yields, when in fact they have landscape attributes that generate large volumes of sediment 
even in the absence of agriculture. In addition, measurement of sub-catchment sediment yields may be biased towards the climate and rainfall regime at 
the time of data collection, which may exclude large episodic runoff events that have an important influence on soil erosion and delivery (Nott and 
Hayne, 2001). 
In the GBR catchments, investment in on-ground remediation is currently allocated according to the relative risk of sediment export from a 
catchment to the marine system (Waterhouse et al., 2012). In this context, risk is assessed as a function of anthropogenic loads from rivers draining to 
the GBR (based on modelled estimates of current erosion minus modelled estimates of pre-agricultural erosion rates) (Waters and Carroll, 2013), reef 
condition (using long- term direct and proxy marine water quality data) and reef exposure (using a combination of remote sensing, water quality data 
and GIS) (Devlin et al., 2012). The effectiveness of remediation actions in reducing sediment delivery are then evaluated against single, end-of-
catchment targets for each of the 26 river basins draining to the GBR (The State of Queensland, 2013). This process is largely based on the outputs of 
catchment models. These outputs are used to predict sediment loads in each catchment, evaluate how the loads have changed from natural (or pre-
agricultural) conditions, and determine how changes in land management are improving sediment delivery to the GBR (Barson et al., 2014; Waters et 
al., 2013). Measured contemporary water quality data are used to validate catchment models (e.g. Turner et al., 2013). Until recently, however, no data 
were available to constrain the pre-agricultural modelled erosion rates (Croke et al., 2015; Nichols et al., 2014). 
 Terrestrial cosmogenic nuclides (TCN), such as Berryllium-10 (10Be), have been used to estimate the long- term (0.5–5 Ma) erosion rates of 
catchments around the world (Portenga and Bierman, 2011). Denudation rates are calculated as the time it takes to erode ~60 cm of regolith. Where 
erosion rates are high, the period can be just a few centuries. Where erosion is low, the period can be up to 100 × 103 years (Wasson, 2012). Beryllium-
10 (10Be) is a very rare radioactive nuclide produced when cosmic rays strike Earth's atmosphere, producing particle reactive forms of 10Be that either 
attach to an aerosol (meteoric 10Be) or to quartz grains within (the first metre of) surface soil and rock (in-situ 10Be) (Willenbring and von 
Blanckenburg, 2010). Meteoric 10Be is more abundant than in-situ 10Be, however, concentrations vary with particle size, and are mobile within the soil 
profile (Fifield et al., 2010). Therefore, in this study, we used in-situ 10Be (herein referred to as 10Be), which is found in very small concentrations 
within quartz based sediments. Its concentration does not vary significantly with particle size (Clapp et al., 2002). Due to its long half-life (1.4 Ma), 
10Be is a useful integrator of upstream erosion rates over large spatial scales (Binnie et al., 2006; Hippe et al., 2012; Ivy-Ochs and Schaller, 2010). 
TCN provide a natural background rate of erosion (mm yr-1). These erosion rates can be used to benchmark short-term anthropogenically accelerated 
soil erosion and fill the gap between the contemporary (~100 year) and geological (~100 to >10,000 years) time scales (Heimsath, 2006; von 
Blanckenburg, 2005; Wasson, 2012). Increasingly, studies are combining erosion rates derived from TCN with data of contemporary sediment flux 
from check dams (Vanacker et al., 2014; Vanacker et al., 2007) or sediment loads (Brown et al., 1998; Gellis et al., 2004; Hewawasam et al., 2003; 
Siame et al., 2011) to quantify the contribution of human activity against the natural variability of landscape sediment yields (von Blanckenburg, 
2005).  
This study utilises previously published data sets to demonstrate how contemporary erosion rates derived from measured sediment yields 
compare to long-term (~100 to >10,000 years) 10Be derived erosion rates. This approach is based on the assumption that contemporary sediment yield 
reflects sediment generation (Matmon et al., 2003). The ratio of these data is then used to identify erosion hot-spots at the sub-catchment scale. Data 
from smaller sub-catchment and hillslope scales are also used to demonstrate how contemporary erosion rates can vary at different spatial scales, even 
within the same landscape. The approach is demonstrated in the Burdekin catchment, which is the largest contributor of anthropogenic derived fine 
sediment to the GBR lagoon (Kuhnert et al., 2012). The Burdekin catchment is also considered high risk, as the mouth of the river is located near a 
number of economically and environmentally significant marine areas (Bartley et al., 2014a). Identifying catchments with high rates of accelerated 
erosion, above long- term pre-agricultural rates, will help target on-ground investment in remediation (Kroon et al., 2014). This knowledge will also 
provide a dynamic baseline to benchmark ‘acceptable’ or ‘target’ levels of erosion, and help evaluate remediation success.  
 
2. STUDY AREA  
The Burdekin catchment is ~130,000 km2 in area and drains into the Great Barrier Reef Lagoon south of Townsville on the east coast of 
Australia (Figure 1). The catchment has the largest mean annual runoff of any river on the east coast of Queensland (10.29 ×106 ML) (Furnas, 2003), 
with a runoff regime which is highly variable in both space and time (Petheram et al., 2012; Rustomji et al., 2009). The Burdekin catchment is 
composed of 6 sub-catchment areas: the Upper Burdekin (~31% of total catchment area), the Cape River (~15%), Belyando (~27%) and Suttor sub-
catchments (~13%), which contribute directly into the Burdekin Falls Dam (BFD) that was constructed in 1987. The Bowen sub-catchment (~7%), 
Bogie, and lower East Burdekin (~7%) discharge below the BFD (Figure 1). The geology of the Burdekin catchment is diverse with granites, 
sedimentary and volcanic sediments dominating the northern and eastern catchments (Upper Burdekin, Bowen and Lower Burdekin), and the western 
sub-catchments (Cape, Belyando and Suttor) dominated by alluvial and sedimentary deposits (Table 1). Croke et al. (2015) provides a geology map for 
the Burdekin catchment; Bainbridge et al. (2014) present maps of land use, elevation, and rainfall. 
Cattle grazing dominates the Burdekin catchment (~91%), which occurs largely on native pastures within open woodland communities 
(DSITIA, 2012). Small areas of dryland cropping also occur in the Belyando-Suttor region (~70,000 ha, Dight, 2009). Sugar cane dominates the lower 
floodplain (occupying <1% of the catchment), although most of the sugar cane lies outside the hydrological catchment boundary. Vegetation clearing 
has resulted in 25% less vegetation in 2009 compared with European settlement (Great Barrier Reef Marine Park Authority, 2012). This loss includes 
areas of forest, woodlands, sedgelands and wetlands. Cattle numbers have increased in the Burdekin from ~0.05 million in 1860 to ~1.4 million in 
2010-11 (Bartley et al., 2014a). Erosion in the Upper Burdekin has been particularly severe in the first half of the 20th Century, with 12.5% or 6,900 
km2 of this area impacted by soil erosion, resulting in an estimated soil loss of 8.63 million tonnes (Burdekin Project Committee, 1976, p 648). Alluvial 
gold mining was also extensive in many areas of the Burdekin (Roderick, 1981). Evidence of gold mining bi-products (e.g. mercury) have been found 
on the GBR (Walker and Brunskill, 1997). Some metal mining and large coal mines still operate throughout the Burdekin today. 
 
3. METHODS 
3.1 Long- term (TCN derived) sediment yields 
Previously, Croke et al., (2015) presented the results for 10Be concentrations in 22 river channel sediment samples collected using a nested 
sampling design in the Burdekin catchment. They focused on evaluating and describing the spatial variability of the long-term (~100 to >10,000 yrs) 
time-integrated rates of erosion. Croke et al. (2015) presented a detailed account of the sampling design, but in brief, we sampled and mixed ~ 2 kg of 
active bed and bar sediments from several river cross-sections to provide a representative sample of available bed load material (Table 1). Sediments 
were composed of quartz, feldspar and mica assemblages with a grain size mode of ~1000-2000 µm (mean 1335 µm). To obtain sufficient quantity of 
quartz for analysis, particle sizes between 125 -1000 µm were combined to produce on average 30% of the total sample mass. Purified quartz was 
prepared for measurement of 10Be using standard methods (Fifield, 1999; Heimsath et al., 2001) and measured with the Australian National University 
(ANU) 14UD pelletron accelerator as described in (Fifield, 1999). 9Be carrier blanks gave 10Be/9Be ratios  <10x10-15 atoms g-1, <2% of the ratios in our 
field samples. 
Mixing of sediment grains during detachment and transport means that a sample of sediment collected at the outlet of a catchment is assumed to 
be an aggregate of grains that originate from all of the different regions of the upstream area (von Blanckenburg, 2005). The mixing assumption was 
previously tested and validated for sites in the Burdekin catchment (Croke et al., 2015). To calculate the upstream integrated erosion rate at each site, 
the CRONUS calculator Version 2.2 (Balco et al., 2008) was used. CRONUS is an online erosion rate calculator (http://hess.ess.washington.edu/) 
developed to provide a consistent approach for calculating erosion rates between data sets. Data inputs for the calculation include latitude and longitude 
(in decimal degrees) and weighted average elevation of the upstream catchment, which was calculated using the Shuttle Radar Topography Mission 
(SRTM) derived DEM for the catchment (Gallant et al., 2011). The 10Be concentration (atoms g-1) and uncertainty in concentration are also used in the 
calculations, as is the 10Be standard used and its assumed 10Be/9Be ratio. This was the NIST (SRM 4325) with an assumed ratio of 3.00x10-11 
(NIST_30000 in the CRONUS calculator). The time dependent production rates of Lal (1991)/Stone (2000) were used to report final upstream 
denudation rates. Although we acknowledge that 10Be concentration can vary with grain size in some landscapes (e.g. landslide dominated regions) 
(e.g. Brown et al., 1995), we consider the influence of grain size variation to be relatively low in this environment. Therefore, this study did not 
explicitly investigate the changes in 10Be concentration with particle size, but instead relied on previous publications indicating that cosmogenic 
nuclide concentrations are not particularly sensitive to changes in grain size (Clapp et al., 2002; Lupker et al., 2012; Safran et al., 2005).  
 
3.2 Contemporary erosion rates 
3.2.1. Major sub-catchment sampling 
Bainbridge et al., (2014) presented a water and fine sediment budget for the entire Burdekin basin (particle size range 0.020-2000 µm). This 
study utilised the end of major sub-catchment fine sediment loads previously presented, and converted the data to represent contemporary erosion rates 
for the five major sub-catchments and at the end of the Burdekin catchment (Figure 1). Bainbridge et al., (2014) presented site details, locations, and 
data history for each site. In brief, river water samples were collected from existing Government run streamflow gauging locations 
(https://www.dnrm.qld.gov.au/water/water-monitoring-and-data/portal) at each of the five major sub-catchments, and at the end of basin. Samples were 
collected during streamflow events over five consecutive water years (1 Oct to 30 Sept; 2005-2006 to 2009-2010). Samples were mixed onsite and 
transported to the lab to measure total suspended solids (TSS) concentrations. TSS (in mg L-1) was measured gravimetrically by weighing the fraction 
remaining on a pre-weighed Whatman GF/C filter (nominally 1.2 µm pore size), dried at 103–105o C for 24 h, after vacuum filtration of a measured 
volume of sample (Method 2540D) (American Public Health Association, 2005). As acknowledged in Bainbridge et al (2014), this method tends to 
underestimate the ‘‘true’’ suspended sediment concentration (SSC) particularly where abundant (i.e. >25%) sand particles are present (Gray et al., 
2000). A ‘‘Loads Regression Estimator’’ (LRE) model (Kuhnert et al., 2012) used the streamflow and corresponding TSS data from each of the gauged 
locations to calculate suspended sediment loads (in tonnes) with estimates of error for each sub-catchment site and each water year (Bainbridge et al., 
2014). The lateral and vertical variability in TSS concentration measured in the stream profiles, and the potential mis-representation of the coarser 
(sand fraction) of suspended loads was taken into account in the error term of the LRE model (Bainbridge et al., 2014; Kuhnert et al., 2012).  
 3.2.2. Minor sub-catchment and hillslope scale sampling 
Bartley et al., (2014b) measured water and sediment flux at the sub-catchment scale (14 km2) for a 12 year period (2000-2011), and at the 
hillslope scale (~1.2 ha) for 10 years (2002-2011). This study utilises these published data and converts the sediment yields to erosion rates to represent 
erosion at minor catchment (~10 km2) and hillslope (~0.01 km2) scales. To measure the water and sediment flux at the Weany Creek sub-catchment 
site (~14 km2), an automatic gauging station recorded rainfall, stage height, flow velocity, turbidity and water temperature at one-minute intervals 
during events. Bartley et al. (2014b) and Hawdon et al. (2009) gave details of the monitoring equipment and water sampling design of the gauging site. 
To estimate sediment concentration, a 1 L water sample was collected at programmed intervals across the hydrograph. A linear relationship between 
total suspended solids (TSS) and turbidity was developed and used to calculate the annual suspended sediment load for each year (1 July to 30 June) 
(Bartley et al., 2014b). A total of 338 samples were collected over the 12 year period. Bed-load was not sampled at the catchment outlet.  
Variable ground cover can significantly affect sediment yields from hillslopes (Ludwig et al., 2007). To accommodate this variability, erosion 
rates from two hillslopes (named 1 and 3), with different cover arrangements, were used to characterise the contemporary hillslope erosion rate. 
Ground cover was estimated using a combination of on-ground field measurements and Quickbird satellite imagery (see Bartley et al., 2014b). The 10- 
year average ground cover for the two hillslopes were similar at 66% for Hillslope 1 and 68% for hillslope 3. The proportion of persistent bare ground 
was 5.7% on Hillslope 3, which was more than double that of Hillslope 1 at 2.6% (Bartley et al., 2014b). 
To measure water and sediment flux from the hillslope sites, a large Parshall flume, connected to an ISCO automatic sampler, was employed 
for the 1.2 ha (moderate to high cover) Hillslope 1 site. Samples of total suspended sediment (TSS) were collected using stratified sampling according 
to depth. For the low to moderate cover 0.29 ha Hillslope 3 site, a cut-throat flume, connected to a bulk sampler was used (Bartley et al., 2014b). A 
total of 286 samples were collected over the 10 year period at Hillslope 1 (ranging from 3-43 per year) and 38 samples (ranging from 2-5 per year) at 
Hillslope 3. Total suspended sediment concentrations were considered to represent the silt (2–63 µm) and clay (<2 µm) fractions. Bed-load samples 
(representing sediment between 63 and 8000 µm) were collected in a bulk sampling drum downslope from the flume. Sediment loads were calculated 
by summing the event loads using the arithmetic mean approach (Letcher et al., 1999). 
 3.2.3. Calculation of total load and erosion rates 
Erosion rates derived from cosmogenic nuclides represent a denudation of the soil surface, or total sediment flux (i.e. coarse + suspended + 
dissolved sediment fractions). The measured contemporary sediment flux estimates from the major and minor sub-catchments represent fine (0.020-
2000 µm) sediment (Bainbridge et al., 2014). Dissolved load fractions are considered to represent sediment less than ~0.5 µm (Gordon et al., 1992). 
The contemporary sediment flux estimates therefore represent suspended and some dissolved particle fractions. To allow direct comparisons between 
contemporary and cosmogenically derived erosion rates requires an estimate of the bedload (or coarse fraction) and remaining dissolved load (or solute 
fraction). Direct estimates of bedload and solute loads are not explicitly available at the measured sites. These fractions therefore have been 
approximated as outlined below.  
Studies with measurements of bedload transport are rare, particularly in large episodic tropical systems. Fortunately, Amos et al., (2004) used a 
Helley-Smith sampler to measure bedload sediment transport on the main channel of the lower Burdekin River during a large event in the 1999-2000 
wet season. They found that bedload represented ~10% of the total sediment load. This conforms with studies from other parts of the world, suggesting 
that bedload represents, on average, ~10% of the sediment load in rivers (Milliman and Meade, 1983; Walling, 1983). Other studies have suggested 
that bedload can be determined from the current rates of suspended sediment load and bed material in the channel (e.g. Turowski et al., 2010). Using 
these approaches, however, bedload for the site described above should be ~50% of the total load (instead of the 10% measured). Rather than applying 
these more empirical approaches based largely on data from steeper rivers from Europe and North America, we decided to use the bedload results 
measured in this catchment. As such, the measured suspended sediment fluxes were increased by 10% to represent the bedload contributions at each of 
the sub-catchment sites. We acknowledge that differences in bedload contribution are likely between the sub-catchments in this study. In the absence 
of specific data at each site, however, we consider these differences to more closely approximated by the locally measured data, than by scaling using 
global data sets. 
Chemical denudation or weathering is strongly controlled by relief factors (Summerfield and Hulton, 1994), however, shifts between 
mechanically and chemically dominated denudation can occur with changes in rainfall, and mechanical processes tend to dominate denudation in arid 
areas (Ryb et al., 2014). Given that the total and relative relief, and precipitation, in the study catchments is low by world standards (see Table 1) 
(Croke et al., 2015), the proportion of total erosion derived from chemical weathering is predicted to be low (<10%) (Summerfield and Hulton, 1994). 
Instead of adding a consistent (but possibly erroneous) approximated amount to represent the amount of chemical denudation in each catchment, the 
specific contribution from chemical weathering is treated as zero at all sites. This means that the contemporary erosion rates are considered an 
underestimate of the total sediment flux leaving these catchments. This underestimation is considered appropriate in this study, as it focuses on 
targeting hot spots for erosion remediation. Neither bedload nor solute load are considered critically important in terms of impacting the ecological 
health of the Great Barrier Reef (e.g. smothering of coral and seagrass beds). Most of the coarse sediment does not reach the marine system (Bartley et 
al., 2014a; Lewis et al., 2014). Therefore, the absolute values presented in this study are less significant than the ratio of the two estimates (see Section 
3.2.4). 
To convert the measurements of total sediment flux into an erosion rate (mm yr-1), a particle density of 1.5 g cm-3 was used for hillslope soil 
sites. A particle density of 2.65 g cm-3 was used for gauged river channel sites to accommodate a mixture of particle sizes typical of river sediments 
(based on Covault et al., 2013; Hippe et al., 2012; Siame et al., 2011). 
We acknowledge that the TCN derived erosion rates will bias quartz- based lithologies (e.g. granodiorite) and potentially under represent quartz 
poor lithologies (e.g. basalt). The few papers that have directly accounted for variations in erosion rate or sediment yield with geological unit (as a 
surrogate for quartz content), determined that correcting for lithology does not have a large influence on the final erosion rates (Safran et al., 2005). 
Given that the proportion of basalt is <10% at the whole of basin scale, the specific sediment yield data presented in this study are un-corrected for 
upstream lithology. 
 
3.2.4. Calculation of the accelerated erosion factor (AEF) 
Vanacker et al., (2014) used an erosion acceleration factor (EFhuman) to determine the magnitude of change between long- term and 
contemporary erosion rates. In this study, we adapted this approach to develop an accelerated erosion factor (AEF). The AEF is derived from the ratio 
of the contemporary erosion rate (EC) to the long- term erosion rate (ELT) (         Equation 1). 
Two main differences are apparent between the approach used in this study and that of Vanacker et al., (2014). Firstly, in this study, we do not use the 
term human, as without additional data that can age the sediments, we cannot conclusively say that all of the change has been due to human activity 
and not partially influenced by changes in climate (e.g. Lough et al., 2015). Secondly, the EC rates in this study are derived from instantaneous 
measurements of sediment flux, whereas Vanacker et al., (2014) derived estimates of the contemporary erosion rates from sedimentation in small dams 
and reservoirs.  
C
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When contemporary erosion rates are higher than long- term background rates, the ratio or AEF will be > 1.0. A ratio greater than 1.0 reflects 
higher contemporary (5-10 year) erosion rates compared with the past (~100 to >10,000 years). Conversely, when the contemporary erosion rates are 
lower than long- term background rates, the ratio or AEF will be <1.0. We acknowledge that erosion rates are sensitive to the time period over which 
they are measured (Gardner et al., 1987; Sadler, 1981; Wasson, 2012). An attempt to scale the data in this study was considered. The original global 
equations available for this purpose (i.e. Gardner et al., 1987) were biased towards glacial and landslide driven environments, which were not 
considered representative of this study site. An alternative approach presents an estimate of uncertainty that takes into account issues such as the 
variation in erosion rates with time. 
A Taylor expansion (Stuart and Ord, 1998) provided an approximation of uncertainty, or the variance of the AEF ratio. A Taylor expansion 
provides a statistical approach for representing a function as an infinite sum of terms using derivatives of the function expanded at a point. It is a very 
useful and standard statistical approach for deriving an expression for the variance of a non-linear function, such as the AEF ratio. The variance of the 
AEF ratio results in the expression outlined in Equation 2, where µ and σ represent the mean and standard deviation of the current (Ec) and long- term 
erosion rates (ELT), respectively. Since differences in time frames and approaches used to estimate EC and ELT occurred, we can confidently assume 
that the covariance between the numerator and denominator of the ratio is zero. This represents an expression sometimes presented as a “standard error 
propagation” approach to calculating the variance of interest.  
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4. RESULTS 
4.1 Long- term (cosmogenic) erosion rates 
The measured 10Be concentrations and CRONUS- derived erosion rates for the hillslope (0.0178 ± 0.0029 mm yr-1), Weany Creek gauge 
(0.0205 ± 0.0030 mm yr-1), and Upper Burdekin site (0.0165 ± 0.0018 mm yr-1) are similar (Table 2). Erosion rates vary considerably between the 
major sub-catchments, ranging from <0.0077 ± 0.0007 mm yr-1 in the Suttor and Belyando catchments to 0.0296 ± 0.0025 mm yr-1 in the Bowen. The 
Cape River has lower long- term erosion rates (0.0118 ± 0.0010 mm yr-1) than the Bowen or Upper Burdekin, but higher than the Suttor and Belyando. 
The long- term estimated erosion rate for the Lower Burdekin (0.0162 ± 0.0014 mm yr-1) is statistically indistinguishable from the Upper Burdekin. 
This rate is considerably higher than all of the other sub-catchments, except the Bowen. 
 
4.2 Contemporary erosion rates 
The contemporary erosion rates from Hillslope 1 and 3 highlight the large spatial variability in erosion (Table 3).  This variability occurs even 
when two sites are located within 400 m of each other on the same catena with almost identical slopes and geology. Based on a data set from 10 years 
of monitoring, Hillslope 1 has a mean erosion rate of 0.0109 mm yr-1 and Hillslope 3 is two orders of magnitude higher with 0.2726 mm yr-1. The 
major driver of the difference is the spatial arrangement of bare ground (areas with <10% cover). The amount, distribution and persistence of bare 
ground much higher on Hillslope 3 than on Hillslope 1 (Bartley et al., 2014b). 
The contemporary erosion rate for the Weany Creek gauge is 0.0408 mm yr-1.  This rate is four times higher than that at Hillslope 1, but 
considerably lower than the rate at Hillslope 3. This variation suggests that, although the erosion rate for Hillslope 3 is very high, only a small 
proportion of the catchment is eroding at this rate. It is also likely that considerable amounts of sediment, particularly the coarser factions, are 
temporarily stored in the bed of gullies and the main stream channel (Bartley et al., 2007). 
The contemporary measured erosion rates for the larger sub-catchments show that the highest erosion rate occurs in the Bowen catchment at 
0.2207 mm yr-1. This rate is three times that estimated for the Upper Burdekin (0.0601 mm yr-1) and more than 20 times the erosion rate in the Suttor 
(0.0095 mm yr-1), Cape (0.0071 mm yr-1) and Belyando (0.0019 mm yr-1) sub-catchments. 
 
4.3 Comparison of long- term and contemporary erosion rates: deriving an accelerated erosion factor (AEF) 
The ratio of contemporary to long- term erosion rates (AEF) for the hillslope sites (Figure 2) show that when hillslopes have a low proportion 
of bare ground that is not well connected to stream lines, contemporary erosion rates are lower than long- term erosion rates  (AEF = 0.61 ± 0.17). 
Conversely, hillslopes with well- connected areas of bare ground can have an AEF as high as 15.32 ± 4.81. These results suggest that contemporary 
erosion rates are considerably higher on patchy hillslopes than under pre-agricultural conditions. 
The ratio of contemporary to long- term erosion rates for the minor sub-catchment site at Weany Creek produces an AEF of ~2.00 ± 0.59.  This 
ratio suggests that current erosion rates are roughly double the long- term (pre-agricultural) rates of erosion. Based on the results from the hillslope 
sites, this doubling of erosion rates at the sub-catchment scale is likely coming from a relatively small proportion of the catchment that represents low 
cover sites, such as Hillslope 3 or gullies.  
The Bowen River sub-catchment has the highest contemporary and long- term erosion rates when compared to the other sub-catchments. It also 
has the highest AEF of any of the sub-catchments at 7.47 ± 3.71. The other major sub-catchments where the contemporary erosion rates are higher than 
long- term background rates are the upper Burdekin (AEF = 3.64 ± 0.50) and the Suttor (AEF = 1.94 ± 0.58). The Cape and Belyando sub-catchments 
both have AEF ratios less than one. These results suggest that erosion rates in these catchments have not changed significantly with the introduction of 
agriculture. In-fact, they are slightly lower now than they have been in the geological past. The results for the Lower Burdekin, which integrates 
erosion rates from the entire upstream catchment, suggest that the contemporary rates of erosion are ~1.43 ± 0.30 times the long- term rates. The 
implications of this result are discussed in more detail below. 
Discrepancies in the uncertainty values between sites generally relate to differences in the quality of the input data for the contemporary erosion 
rates and the variability of erosion rates between wet and dry years (Kuhnert et al., 2012). For example, the high error estimate for the Bowen reflects 
the lower confidence in the contemporary loads data.  The lower confidence is due to lower sample numbers in the last two years of monitoring, owing 
to issues such as access to sites (Bainbridge et al., 2014). Conversely, the higher error estimates for Hillslope 3 reflect the very large inter-annual 
variability of sediment concentrations for this site (Bartley et al., 2014b).  
5. DISCUSSION  
Results from coral core data showed that the amount of fine sediment reaching the GBR has increased 5-10 times since European settlement 
(McCulloch et al., 2003a). Despite this study being published over 10 years ago, identifying the major sources of the predicted increased erosion has 
been challenging. The challenge arises because previously estimated contemporary erosion rates did not explicitly account for the natural variability in 
erosion both within and across the GBR catchments.  
Results presented in this paper suggest that catchment- wide integrated erosion rates are currently only 1.4 times greater than long- term (pre-
European or geological) erosion rates. Several explanations account for the difference in the estimates of sediment exported out of the catchment 
between McCulloch et al., (2003) and those estimated here. Firstly, the approach of this study is based on the assumption that contemporary sediment 
yields reflect sediment generation (Matmon et al., 2003), and represent the ‘total’ integrated upstream erosion, including both fine and coarse sediment 
fractions. McCulloch et al., (2003) estimated very fine sediment delivery, not erosion. Secondly, the time-scales of the techniques vary substantially. 
The erosion rates derived from the TCN approach are based on the model-integrated time required to remove approximately 1 m of the land surface, 
which is ~ 30 ka in both the Upper and Lower Burdekin and closer to 120 ka in the western catchments (Croke et al., 2015). The coral core data used 
by McCulloch et al., (2003a) represent ~250 years (from 1750 to 1990) and capture the effects of a large magnitude flood event following an extended 
dry period (Lough, 2011). Thirdly, the Burdekin Falls Dam (BFD) was constructed in 1987 and captures ~88% of the runoff in the Burdekin 
catchment. Lewis et al. (2013) estimated that the Burdekin Dam has reduced the total sediment load from the Burdekin River by >50% for particle size 
fractions >0.5 µm. Although the dam represents a change in the sediment delivery rather than sediment erosion or generation, the dam has likely 
reduced the end of catchment (Lower Burdekin) contemporary erosion estimate used in this study. The data used to present the contemporary change in 
sediment delivery in McCulloch et al., (2003a) ranges from ~1840-1990. Therefore, the coral core data do not represent the more recent (post 1987) 
influence of the BFD. If the coral core work was extended (from 1990 to present), we hypothesise that it would show a declining trend in sediment 
delivery, not necessarily as a result of reduced erosion, but due to the effect of dam trapping. Finally, although 10Be concentrations sampled from sites 
with contributing areas >100 km2 were found to be consistent (Croke et al., 2015), others have highlighted that using the TCN approach to derive 
erosion rates for entire catchments can be challenging. The approach is best applied to the source areas where sediment was generated (e.g. sub-
catchment) (Covault et al., 2013; Wittmann and von Blanckenburg, 2009; Wittmann et al., 2011). We also acknowledge that channel avulsions have 
occurred on the lower Burdekin floodplain several times during the Holocene (Fielding et al., 2006). Subsequently, the long- term erosion rate at the 
lower Burdekin site may not represent the same time scales as the other catchments where channel location appears more stable. Therefore, the 
remainder of this paper will focus on the ratio of long- term and contemporary erosion from the major sub-catchments only. 
This paper presents the first non-modelled estimates of spatial variations in contemporary erosion rates against background long- term erosion 
rates in the GBR catchments. We acknowledge the assumptions and limitations within both the long- term and contemporary data sets, and that these 
data need to be interpreted carefully. These assumptions include: that the long- term erosion rate is equivalent to the denudation rate, the relatively 
short time frame of contemporary data (Bainbridge et al., 2014), the variability of sediment yield estimates between wet and dry years (Kuhnert et al., 
2012), the representativeness of sediment storage and channel avulsion particularly for the low gradient western catchments (Croke et al., 2015; 
Fielding et al., 2006), and the potentially poor representation of soil erosion from Tertiary basalts (Pillans, 1997) that are known to contribute 
significant amounts of fine sediment and phosphorus (P) to the outer GBR (Douglas et al., 2008; Hughes et al., 2009; McCulloch et al., 2003b). 
Nonetheless, the quality of the data sources and the systematic approach used to measure spatial variability across the major sub-catchments indicate 
that the estimates are robust, and these estimates are suitable for decision making related to land use management (discussed further in 5.3). 
 
5.1 Comparing the accelerated erosion factor (AEF) between and within sub-catchments 
The results show that the Bowen and Upper Burdekin have the highest AEF at 7.5 and 3.6, respectively. The higher slopes and rainfall in these 
catchments produce higher long- term erosion rates. These same factors have likely exacerbated the contemporary erosion rates, following agricultural 
development. A doubling of erosion from the Suttor catchment has occurred, which may be related to the expansion of cropping in this basin. The 
flatter western catchments of the Cape and Belyando have lower contemporary erosion rates than the long- term erosion rate. This difference suggests 
that land use change has had minimal impact on these basins, or that any increase in contemporary erosion rate has been buffered by increased 
sediment storage in the low gradient alluvial floodplains.  
An AEF of 2.0 measured at the Weany Creek minor sub-catchment (~14 km2) is much lower than the Upper Burdekin major sub-catchment as 
a whole (AEF =3.6). The Weany Creek basin is a granodiorite landscape and appears to have lower long- term erosion rates compared to other 
lithologies represented in the Upper Burdekin (e.g. sedimentary lithologies) (Croke et al., 2015). It is also possible that the Weany Creek catchment 
experienced peak contemporary erosion rates in the early 1900’s when gullying was active in this landscape. This AEF may now reflect a reduced 
contemporary erosion rate as gullies start to mature. Additional TCN- derived erosion rates from single lithology sub-catchments would help identify 
the natural long- term erosion rates for specific geologies and soil types.  
Comparing the AEF from two different hillslopes within the Weany Creek catchment highlights the large spatial variability in contemporary 
erosion rates at smaller scales. This result demonstrated how vegetation, and in particular the spatial arrangement of ground cover (pasture), can 
influence erosion rates at smaller (hillslope) scales. At larger scales (>100 km2), erosion rates are influenced less by vegetation, and more by factors 
such as geology (Croke et al., 2015). Due to the time scales represented by the TCN approach (~100 to >10,000 years), the small- scale variability 
related to vegetation pattern is not necessarily expressed at larger (> 100 km2) spatial scales, unless a large and sustained shift in climate and vegetation 
community has occurred (e.g. shift from rainforest to sclerophyll; Kershaw et al., 2007).  
Application of the AEF builds on the concept of tolerable soil erosion or T values, whereby erosion rates are evaluated against ‘acceptable’ 
rates of erosion (Bui et al., 2011; Montgomery, 2007). Given the size of the catchments in the GBR, the AEF approach provides a mechanism for 
evaluating ‘acceptable’ or ‘tolerable’ erosion rates at the sub-catchment scale. Once catchments with AEF >1.0 are identified, other techniques can be 
used to quantify the specific erosion process responsible for the excess sediment (e.g. Leonard and Nott, 2015; Olley et al., 2013; Wilkinson et al., 
2013). 
 
5.2 Comparison of results with other studies 
Despite the application of TCN in other catchments in Australia to derive soil production rates (Heimsath et al., 2010; Stockmann et al., 2014) 
and catchment denudation rates (Croke et al., 2015), very few studies have directly compared the ratio of long- term (TCN derived) erosion with 
contemporary erosion rates. Fifield et al., (2010) used meteoric 10Be to compare contemporary and long- term plot scale soil erosion rates (rather than 
catchment denudation rates using in-situ 10Be).  The authors found that contemporary erosion rates were ~10 times higher on pasture areas in both SE 
and NW Australia. Tomkins et al., (2007) found that contemporary (catchment) erosion rates in the Blue Mountain Plateau (NSW) were lower than 
long- term erosion rates. They concluded that this difference was due to historical catastrophic floods not being captured in the contemporary 
monitoring record. More recently, Nichols et al., (2014) applied the technique in the Barron River catchment in the GBR and also found that the 
contemporary sediment yields are equal to, or less than, the long- term TCN derived erosion rates. Again, this difference was explained by a lack of 
extreme events represented in the contemporary modelling and monitoring data, which may be related to the reduced cyclone frequency recorded for 
the last 500 years in this region (Haig et al., 2014).  
A number of studies (from the USA or Europe) found long- term erosion rates to be higher than contemporary rates. This difference was due to 
the under-representation of extreme events in the contemporary record (Covault et al., 2013; Kirchner et al., 2001), or elevated long- term erosion rates 
due to enhanced sediment production in previous glacial cycles (Delunel et al., 2010; Schaller et al., 2001). The studies that calculated contemporary 
erosion rates significantly higher than long- term TCN derived erosion all attributed the response to land use change (Gellis et al., 2004; Hewawasam 
et al., 2003; Siame et al., 2011; Vanacker et al., 2014). This study is the first of its kind in Australia to demonstrate positive AEF values for large sub-
catchments. 
 
5.3 Management implications 
The results of this study have several important implications for the Reef Water Quality Protection Plan (The State of Queensland, 2013). 
Firstly, this study highlights that having a single end of catchment water quality target is inappropriate if understanding the major source of accelerated 
erosion to the GBR is important. This is because the long- term or natural sediment production and transport rates within catchments can vary by an 
order of magnitude. The end of catchment sediment production and transport rates generally represent an integrated rate that will not accurately reflect 
these differences spatially or temporally. Major sub-catchment targets that take into consideration the long- term (> 100 year) erosion rates, and that 
accommodate differences in rainfall, geology, soil type and slope, would be a more robust approach. This is particularly relevant as the need to 
demonstrate the effectiveness of on-ground remediation increases. Thus, even well-intentioned on-ground remediation in areas where erosion rates are 
naturally higher than other areas may yield costly, yet potentially ineffective improvements to erosion control. 
Secondly, this study highlights that the limited resources available to invest in erosion control and catchment remediation can be targeted, as the 
very specific ‘hot-spot’ areas warrant priority treatment. Treating the entire catchment is not necessary, as contemporary erosion rates have not 
necessarily increased above long- term (pre-agricultural) erosion rates everywhere. If protecting the GBR is the primary goal, investing in remediation 
across the scale of an entire catchment is likely a waste of resources. Thus, any resources available for erosion control in the Burdekin catchment 
should be prioritised in the Bowen and then Upper Burdekin sub-catchments. Within these sub-catchments, persistent areas of low cover, which are 
both a direct source of erosion as well as a trigger for gully erosion, should be a priority (Wilkinson et al., 2013). 
Thirdly, the TCN- derived erosion rates will value-add to existing or proposed sediment tracing techniques that are used to identify erosion 
processes (e.g. Wilkinson et al., 2013). Importantly, application of this approach could be used to help prioritise sub-basins for further tracer analysis. 
We acknowledge that erosion is not uniform within each of these catchments, and other techniques are valuable at identifying erosion processes and 
source areas. Based on the results presented in this study, not all sub-catchments would necessarily warrant extensive analysis with tracers. The TCN 
approach can help identify where future tracer studies would be most effective.  
Finally, the approach presented in this paper could be used to help bench-mark the recovery process or assess improvements in soil erosion as a 
result of remediation (e.g. Vanacker et al., 2007). If the long- term TCN- derived erosion rates are considered representative of ‘natural’ pre-
agricultural rates, then contemporary water quality measurements can be tracked over time to see if they are approaching these long- term rates. In 
some cases, it may be necessary to treat areas with naturally high rates of erosion to compensate for areas under agricultural development that are 
difficult to manage for erosion. Either way, these physically- based erosion rates would represent a more robust ‘bench-mark’ erosion rate that would 
be more suited to estimating ecologically relevant targets (Kroon, 2012). They would be a great improvement on the current sediment water quality 
‘targets’ that are relatively arbitrary (Brodie et al., 2012).  
 6. Conclusions and areas of further research  
This study is the first of its kind in Australia to use the ratio of long- term TCN- derived erosion rates with contemporary erosion to 
systematically identify accelerated rates of erosion at the sub-catchment scale. Results suggest that three out of five of the major sub-catchments in the 
Burdekin basin, namely the Bowen and Upper Burdekin, have AEF’s greater than 1.0. This is likely to be due to the relatively high slopes, rainfall and 
intensive land use (grazing and mining) compared to other parts of the catchment. The study approach has important implications for how GBR water 
quality targets are set and evaluated. 
To provide a more scientifically robust approach to target setting, the method presented in this paper could be extended to all major sub-
catchments in the GBR region. These data would help constrain or guide the water quality targets currently evaluated using catchment models. Such an 
approach, however, would benefit from further careful evaluation of the approach by specifically testing for (i) the variation of erosion rates for unique 
geological units (e.g. Safran et al., 2005), (ii) the influence of sediment storage on nuclide concentrations, particularly in the low relief depositional 
basins, by combining 10Be with other TCN such as 26Al (e.g. Hippe et al., 2012); (iii) the effect of particle size on nuclide concentration (Carretier et 
al., 2009). In particular, further evaluation should focus on the fine (< 16 µm) sediment fraction, as this fraction is travelling the farthest in the GBR 
lagoon (Bainbridge et al., 2012); and (iv) the influence of contemporary rates of bedload movement and chemical weathering on contemporary 
sediment flux estimates. This additional testing would enable more accurate estimates of current erosion rates. 
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Figure Captions 
Figure 1: (A) Location map of sampled sites in the Burdekin catchment. Site numbers correspond to sites in Croke et al., (2015) and Table 1; (B) The Weany Creek 
catchment; and (C) the location of the Burdekin catchment on the Australian continent. 
Figure 2: The accelerated erosion factor (AEF) for each of the (A) major sub-catchments and (B) the Weany Creek hillslope and minor sub-catchment site. Values 
in brackets represent an approximation of uncertainty, or the variance of the AEF ratio. 
Tables 
Table 1: Sample locations, site information, and summary characteristics of the major sub-basins in the Burdekin catchment. Geology derived from the 
1: 1 Million surficial geology mapping (Source: GeoScience Australia). Slope derived from the 30 m SRTM DEM (Gallant et al., 2011). Rainfall 
extracted from the SILO (5 km grid) climate data source (www.longpaddock.qld.gov.au.silo). Site numbers correspond to previously published sites in 
Croke et al., (2015). Catchment areas were derived from Bainbridge et al., (2014) and Bartley (2014b). 
Site 
number 
Site Name L
atitude 
(DD) 
Lo
ngitude 
(DD) 
Catc
hment area  
(km2
) 
Weig
hted average 
mean 
elevation (m) 
Mea
n catchment 
slope 
(degrees) 
Rain
fall (mm) 
Geology  
% Granite (G) 
% Basalt (B) 
% Sedimentary 
(S) 
HS
1 
Weany Hillslope 
(Flume 1) 
-
19.88504 
14
6.53522 
0.011
93 
284 2.23 717 100% granite 
HS
3 
Weany Hillslope 
(Flume 3) 
-
19.88549 
14
6.53704 
0.002
86 
284 2.06 692 100% granite 
3 Weany gauge -
19.91350 
14
6.49450 
14.00 282 1.41 658 100% granite 
15 Macrossan Bridge -
19.99714 
14
6.43553 
36,14
0 
511 2.94 718 21% G, 25% B, 
18% S 
18 Bowen River 
(Myuna) 
-
20.53064 
14
7.55733 
7,110 350 6.73 906 25% G, 15% B, 
36% S 
19 Upper Suttor River -
21.53786 
14
7.04741 
10,87
0 
279 0.90 555 <1% G, 3% B, 
28% S 
20 Cape River -
20.99835 
14
6.42478 
15,86
0 
345 1.41 605 5% G, <1% B, 
35% S 
21 Belyando River 
Crossing 
-
21.53483 
14
6.85979 
35,05
5 
330 1.25 551 <1% G, <1% B, 
35% S 
17 Lower Burdekin 
(Claire) 
-
19.89240 
14
7.23031 
129,6
00 
362 2.40 650 <12% G, <10% B, 
26% S 
 
Table 2: Results of 10Be analysis from the Burdekin catchment. Site numbers are based on data presented in Croke et al. (2015)  
S
ite 
number 
Sub-
catchment 
Site Name  % sample mass 10Be 
concentration  
(105 atoms/g) 
Erosion rate 
(mm yr-1)* 
Sediment yield 
(t km-2 yr-1)** 
 Hillslope Weany hillslope 1 88 2.31 ± 0.16 0.0178 ± 0.0029 26.69 
3 Weany 
Creek 
Weany gauge 29 2.02 ± 0.25 0.0205 ± 0.0030 56.24 
1
5 
Upper 
Burdekin 
Macrossan Bridge 24 2.82 ± 0.22 0.0165 ± 0.0018 31.86 
1
8 
Bowen  Bowen River (at 
Strathbowen) 
17 1.49 ± 0.78 0.0296 ± 0.0025 57.43 
1
9 
Suttor Upper Suttor River 23 7.31 ± 0.27 0.0049 ± 0.0004 11.70 
2
0 
Cape Cape River 20 3.52 ± 0.15 0.0118 ± 0.0010 30.51 
2
1 
Belyando Belyando River 
Crossing 
25 5.14 ± 0.19 0.0077 ± 0.0007 20.10 
1
7 
Burdekin 
(entire) 
Lower Burdekin 27 2.63 ± 0.12 0.0162 ± 0.0014 38.30 
*Derived using CRONUS online calculator (http://hess.ess.washington.edu/math/al_be_v22/al_be_multiple_v22.php)  
**Sediment yield does not correct for proportion of non-quartz based lithologies (e.g. basalt) 
Table 3: Contemporary rates of erosion based on hillslope, minor and major sub-catchment sites  
S
ite 
number 
Sub-
catchment 
Site Name  Mean fine 
sediment yield  (Mt yr-1) 
Mean total 
sediment yield (Mt yr-1) 
Mean erosion 
rate  
(mm yr-1) 
Sediment yield 
(t km-2 yr-1) 
 Hillslope 
1 
Weany 
hillslope – Moderate 
cover 
1.95 ×10-7 ± 7.72 
×10-8  
1.95 × 10-7±4.33 
× 10-8 
0.01 ± 2.42 × 10-3 16.38 ± 3.63 
 Hillslope 
3 
Weany 
hillslope –   Low cover 
1.01 ×10-6 ± 5.63 
×10-7 
1.17 ×10-6 ± 3.16 
×10-7 
0.27 ± 7.37 × 10-2 408.92 ± 110.50 
3 Weany 
Creek 
Weany gauge 1.33 ×10-3 ± 6.99 
×10-4 
1.47 ×10-3 ± 3.74 
×10-4 
0.04 ± 1.04 × 10-2 104.85 ± 27.58 
1
5 
Upper 
Burdekin 
Macrossan 
Bridge 
5.23 ± 0.45 5.75 ± 0.05 0.06 ± 5.17 × 10-3 159.19 ± 13.70 
1
8 
Bowen  Bowen River 
(at Strathbowen) 
3.78±1.87 4.16 ± 2.06 0.22 ± 1.09 × 10-1 584.81 ± 289.31 
1
9 
Suttor Upper Suttor 
River 
0.25±0.02 0.28 ± 0.02 0.01 ± 7.64 × 10-4 25.30 ± 2.02 
2
0 
Cape Cape River 0.27±0.02 0.30 ± 0.02 0.01 ± 5.23 × 10-4 18.73 ± 1.39 
2
1 
Belyand
o 
Belyando 
River Crossing 
0.16±0.01 0.17 ± 0.01 0.002 ± 1.18 × 10-
4 
5.02 ± 0.31 
1
7 
Burdekin 
(entire) 
Lower 
Burdekin 
7.25±1.37 7.98 ± 1.51 0.023 ± 4.39 × 10-
3 
61.54 ± 11.63 
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